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ABSTRACT 


The hyperfine structure of the neutron-deficient bismuth isotopes Bi?°*-2°6 has been studied 
by the atomic beam magnetic resonance method by use of six-pole focusing and radioactive 
detection. The results are summarized in the following table: 


Isotope | Half-life Spin | ¥ ‘ | a | @ 

Me/s Me/s nm. 10-24 cm? 
ace 12 hr 9/2 — 502.44 3.0 — §58+25 +4.59+0.05 | —0.64+0.05 
bu’* 13 hr 6 —349.0+2.0 | —358+20 | +4.25+0.05 | —0.41+0.05 
Bin 14.5d 9/2 (— 600) (+ 5.5) 
13g 6.3d 6 —374.7 3.0 — 166430 +4.56+0.05 | —0.19+0.05 


The magnetic dipole moments (7) are calculated from the magnetic dipole interaction constants 
(a) by means of the known values of a and yw; of Bi? and the Fermi-Segré formula, neglecting 
the hfs anomaly. In order to obtain the electrical quadrupole moments (Q) from the electric 
quadrupole interaction constants (b), the intermediate state of bismuth has been determined 
from the optically measured energy levels and from the known gj-value of the ground state. The 
average of the inverse cube of the distance of the electrons from the nucleus, <r~*>, has been 
calculated from the magnetic dipole interaction in Bi®®* and is compared with the value obtained 
from the spin-orbit coupling. The quadrupole moments are not corrected for the effect of distor- 
tion of the inner electron shells (Sternheimer’s correction). The results are compared with 
theoretical values obtained from the nuclear shell model. 


I. Introduction 


In recent years nuclear spectroscopists have shown great interest in the isotopes 
of the “‘nuclear lead region’. In this region, in the vicinity of stable Pb?°S, the numbers 
of protons and neutrons are near the “magic numbers” 82 and 126, respectively, 
and the nuclei thus consist of closed shells with a small number of additional particles 
or holes. Therefore, theoretical calculations based on the simple single-particle model 
can be expected to be fruitful. In many cases very good agreement with experimental 
data has been obtained with this model. 
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The lead region is now an object of systematic studies by various groups in Sweden. 
As a part of this general program the ground-state spins and moments of some neutron- 
deficient bismuth isotopes have been measured with the atomic beam technique. 
The spin values are particularly important to nuclear spectroscopists, since they 
often serve as a starting point in the determinations of decay schemes. In many 
cases it is impossible to construct a definite decay scheme or energy level diagram 
without knowledge of the ground-state spin. The moments are also interesting from 
a theoretical point of view. Together with the spin values they can be used to test 
different nuclear models. In the lead region, in particular, more definite statements 
about the nuclear configurations can be made with knowledge of the magnetic 
moments, while the quadrupole moments can give information about the collective 
motions in the nuclei. 

The nuclear spins of the bismuth isotopes with masses 203-206 have been reported 
previously [1], and these measurements have now been extended to hyperfine struc- 
ture (hfs) separations, magnetic dipole moments, and electric quadrupole moments. 
The results are discussed in connection with calculations based on the single-particle 
model. For the magnetic moments the agreement between the experimental values 
and those obtained from the modified single-particle model is good. For the electric 
quadrupole moments the single-particle model gives values of the right order of 
magnitude, and the agreement is better nearer the closed shells. 


II. The method 


In these experiments we have used the focusing atomic beam resonance method, 
introduced by Hamilton, Lemonick, and Pipkin [2]. Since the apparatus has been 
described in detail in an earlier article [3], only a summary of the principles will be 
given here. 

Figure | shows schematically the beam trajectories in the apparatus. In the A-mag- 
net those atoms which have an effective magnetic moment /er¢ <0 are focused to- 
wards the axis, while those for which jeg >0 are defocused. With the obstacles ar- 
ranged according to figure 1 only the former atoms can enter the B-magnet. This 
is the same type as the A-magnet, so those atoms which were focused there will also 
be focused in the B-magnet. Therefore, no atoms will reach the detector, unless they 
change their magnetic states on the way through the apparatus. In the homogeneous 
C-field between the A- and B-fields a radio-frequency field of the proper frequency 
can induce a transition in the state of the passing atom. If the transition causes / err 
to change sign, the atoms which were focused in the A-magnet will be defocused in 
the B-magnet and can reach the detector. Since the intensity there has a maximum 
at resonance, this is a “‘flop-in” arrangement [4]. 

For atoms with J =3/2, like those of bismuth, two flop-in transitions for which 
AF =0 may be observed, namely where F=I+J and F=IJ+J—1, m=+ 
(fF —J —1/2)om =F (F —J +1/2). Figure 2 shows the energy as a function of the 
magnetic field for an atom with J = 3/2 and J = 9/2. Only the four levels involved in 
our experiments have been plotted completely. Once the spin has been determined 
at a very low field, the field strength is increased stepwise, and each new resonance 


1 For detailed references see the review article by I. Bergstrém and G. Andersson (Ark. f. 
Fysik 12, 415 (1957)). 
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Fig. 1. A schematic view of typical beam trajectories in a six-pole focusing atomic beam apparatus. 


Notice the exaggerated vertical scale. 


W/ah 


Fig. 2. The variation in a magnetic field of the energy levels of Bi** (J = 3/2, I = 9/2). Only 
those levels which are directly involved in the experiments are drawn completely. 
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line gives a more accurate value of the hfs separations, which are functions of the 
deviation of the resonance frequency from the linear dependence on the magnetic 
field. 
The advantage of the focusing atomic beam technique, compared with the conven- 
tional one, is the large gain in intensity, about a factor of ten. One drawback, however, 
is the large detector area. A great part of the background is caused by scattering 
from the walls and the residual gas, and therefore a larger detector causes a higher 
background. This means that the signal-to-background ratio might be better in 
a conventional type of atomic beam apparatus. In spite of this the “effective gain” 
with the focusing method seems to be appreciable. 

The great detector area also means that the radioactivity detector will have a higher 
background counting rate. This is so low, however, that with the high intensities used 
in these experiments it contributes little to the total background. 


III. Experimental procedure 
A, Source preparation 


The radioactive bismuth isotopes were produced by irradiating lead with protons 
or deutrons of various energies. Bi?°? and Bi? were produced in the synchro-cyclotron 
at Uppsala with 60 MeV and 30 MeV protons, respectively, Bi? in the cyclotron in 
Stockholm with 25 MeV deutrons and Bi? in the Oak Ridge cyclotron also with 25 
MeV deutrons. After the chemical separation the strength of the sources was usually 
about 5 millicuries. When put into the oven of the atomic beam apparatus such samples 
gave an intense beam for at least 12 hours. 

Together with some natural bismuth (0.3-3.0 mg depending on the strength and 
half-life of the sample), the lead target was dissolved in 6 N nitric acid, and the solution 
was neutralized with ammonia. A few drops of diluted nitric acid were added, until 
the solution became slightly acid and the white precipitate of bismuthyl nitrate 
redissolved. By internal electrolysis the bismuth was then deposited on nickel wires, 
wound into spirals, which were put directly into the oven. The electrolysis was made 
at a temperature just below the boiling point of the solution. At the proper acidity 
the procedure was very rapid with a yield of about 80 per cent in 20 minutes. 

In our earlier experiments [1] nickel powder was used instead of wires. This method, 
however, gave a poor vaporization, as the beam intensity decreased without 
stabilization. Further, the beam intensity obtained was almost independent of the 
oven temperature, although it was not limited by the vapour pressure. These phe- 
nomena may be due to difficulties encountered by the atoms in diffusing through 
the nickel powder. 


B. Beam production and detection 


The specially designed oven [5], which was made of molybdenum, is shown in figure 3. 
At the oven temperatures used (600°-700°C), bismuth vapour consists mainly of 
polyatomic molecules, which can thermally dissociate at higher temperatures. 
Therefore the oven had a long channel, the outer walls of which were heated by 
electron bombardment. In this way we could obtain a great thermal gradient along 
the oven, and we were certain that most of the bismuth molecules dissociated. 
The temperature at the oven front was 1300°-1500°C at ordinary vaporization 
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Fig. 3. The oven used, especially designed 
to give a high temperature gradient. 


temperatures. In order to obtain a steady beam, we had to stabilize the oven heating. 
The bombardment current was electronically regulated with a servoarrangement 
acting on the filament heating current. With this arrangement we could reach a 
temperature stabilization of + 2° for several hours. The heating power used amounted 
about 150 W. 

For beam detection the atoms were collected on carbon-coated copper foils. 
Various clean metal foils were also tried as collectors, but they all had lower 
sticking coefficients, even though they were cooled with liquid air. A sulfur-coated 
surface, which has been found useful in many cases [6, 7], also had a high sticking 
factor, but we have found carbon easier to deposit on thin foils. Exposures were 
taken for 5-10 minutes, after which time the foil was taken out of the apparatus 
through a vacuum lock, so that the vacuum in the main chamber was not destroyed. 
The radioactivity collected on the foil was then measured with a scintillation detector 
equipped with a very thin Nal crystal, which absorbs the X-rays following electron 
capture decay [6]. With a 25 x2 mm crystal inside a 10 em thick lead castle, the 
background was about 3 counts per minute for the whole X-ray line. To increase 
counting accuracy, we had two counters, so that each foil was counted for twice the 
exposure time. To detect a resonance line the C-field was held constant and exposures 
were made at different frequencies. The beam intensity was checked every three 
or four exposures, while the background was taken. This was necessary, since the 
signal-to-background ratio was very low for bismuth. 


C. Signal-to-background ratio 


The signal-to-background ratio for the resonances observed was usually about 1:2 
compared with about 40:1, the value obtained for potassium. The poor value for 
bismuth is the result of an unfavourable combination of factors, such as the number of 
magnetic levels, the temperature, the atomic magnetic moment, and the isotopic 
dilution. 

For each resonance only one level contributes to the signal, while all levels give 
rise to background. Bi?°4 with J = 6 has 52 levels compared with 8 for K%*, Thus for 
a certain background the Bi?” signal should be 6.5 times smaller than that from K%° 
because of the number of levels. If other activities are present in the beam, the back- 
grounds add and the signal-to-background ratio becomes lower. 
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The signal is approximately proportional to fe,By)/kT [3]. For bismuth T is 
about 1600°K (the oven channel temperature) compared with 500° K for potassium, 
and bismuth has a (gr, about 4/5 of that of potassium. Because of these circumstances 
the bismuth signal is reduced by another factor of 4 compared with that of potassium. 
With atoms having a small value of te By /k 7, there is an additional difficulty; the 
finite oven aperture makes it impossible to obtain maximal signal, when the back- 
ground is minimal. The background consists of two parts, scattered atoms and atoms 
which start off the axis and are defocused in both deflecting magnets. To remove 
the second part of the background, the diameter of the first obstacle should be 
increased by an amount slightly less than the oven hole diameter, whereas to reach 
maximal signal, the obstacle should be diminished by the same amount. The longer 
the distance is from the oven to the obstacle, the smaller is the effect of the finite 
oven aperture. Therefore, instead of being placed at the entrance [3], the obstacle 
has been moved about 10 em into the A-magnet, where the atoms are not yet greatly 
deflected, and there it has been dimensioned for the best signal-to-background ratio 
with [Mer By/kT about the same as that of bismuth. Nevertheless the signal-to- 
background ratio was 2-4 times smaller with the oven aperture used (0.4mm) than 
it should have been with a point-sized oven aperture. 


IV. Theory 


A. Calculation of the interaction constants 


The interaction between the atomic and nuclear magnetic moments and an 
external magnetic field can be expressed by the Hamiltonian: 


H' = (9,5 + grt) ue B, 


where the g-values are defined g, = —u;/Jug and g;= —,/Ig, respectively. At 
low fields, where this interaction is weak compared with that between the electrons 
and the nucleus, the energy levels are easily obtained by the perturbation method. 
A low-frequency flop-in transition, for which A F = 0 and m = + (F —J +1/2)om= 
+ (F —J—1/2), has the following linear and quadratic terms: ; 


ian ieee B 
v= (9)(F Je\F)+91(F Ie BY}, 
. o((Fide/F—1? (FiJz\P+1)\, (128) } 
si (F dat (Fe het FES FO Sol pA A PRE (1) 


where (F''| Jz F’) is the part of the matrix element (F'm|J,|F’m) that is independent 
of m, and Av, is the separation (with its sign) between the hfs levels F and F — | at 
zero field, in frequency units. In experiments with atoms with J = 3/2 two low-fre- 
quency flop-in transitions can be observed, which correspond to F =J+J and 
F=I+J—1 (see fig. 2). This gives the two hfs separations Ay,;,; and Av,,;-}. 

The interaction of the nuclear magnetic dipole and electric quadrupole moments 
with the atomic fields is expressed by 
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diate 3 (19)? +3/2(1J)-1(L+ 1) J (J +1), 
H°=hal-J+hb 27 QF 1 Tal) $ (2) 


a and 6 are the magnetic dipole and electric quadrupole interaction constants, respec- 
tively. By means of this expression the interaction constants are calculated from 
the two hfs separations obtained above. 


B. Calculation of the nuclear moments 


One can calculate the magnetic dipole moments of the radioactive bismuth isotopes 
from the magnetic dipole interaction constants (a) by means of the Fermi-Segré 


formula 
a g® 


gi 
g® = a® (3) 


with the known values of g, and a of Bi?°, neglecting the hfs anomaly. 
The electric quadrupole interaction constant (b) is related to the quadrupole 
moment (Q) by the well-known expression: 


e 3 cos? © — ib 
hb= 
& 4 7 & ac Vind pit (4) 


where the average is taken in the state m,;=J, summed over all electrons. In 
order to evaluate this average, one must know the electronic wave function. As 
known from optical measurements, the coupling between the electrons in bismuth 
is intermediate between the LS- and 7j-extremes. The g,-value of the ground state is 
1.6433 as measured by the atomic beam method [8], while the corresponding values 
in LS- and 7j-coupling are 2 and 4/3, respectively. 

The wave function of the intermediate state can be expressed as a linear superposi- 
tion of the eigenfunctions in either of the extreme couplings; the coefficients are 
functions of one parameter, which defines the state of intermediate coupling. This 
parameter can be chosen to give the best fit of the theoretical energy levels to the 
experimental ones or to give the correct g,-value of the ground state. 

The energy relationship and the Zeeman-effect in intermediate coupling have been 
treated in two papers by Inglis and Johnson [9, 10], whose method will be followed 
here. The g,-value is obtained by transforming the g,-matrix in the LS-coupling scheme 
to the intermediate state by the matrix that diagonalizes the energy matrix. The 
problem is thus reduced to finding the energy matrix. 

The electronic ground-state configuration of bismuth is 6s” 6p, which gives rise 
to five possible states, in LS-coupling denoted by ?.D5)., 7.Dg/2, *Ps/2, *P1/2, and 43/9. 
The J-value in the ground state is 3/2 and, since this can be assumed to be a good 
quantum number, the intermediate state can be expressed as a linear superposition 
of the three states ?D5)9, 2P3/., and 4S5,. (always taken in this order in the following). 

In terms of the parameters of the spin-orbit coupling energy (A) and of the electro- 
static energy (B), the energy matrix in the LS-coupling scheme becomes (with *D5/. 
as reference)! 


1 The constant A used here is equal to 2A in ref. [9] and a in ref. [10]. The constant B is 
equal to B in ref. [9] and X in ref. [10]. 
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V5 


0 A ony 0 
stad ba a Sere Wore F 
0 A oo= 3B 
and the secular equation becomes 
W? + BW? — (2 A? +6 B’)W —18 A? B=0. (5) 


The diagonalizing matrix has the elements 


k 
Ris =F (€x hs 34 x) Rx3, 
Rus = ex (ee +3) (ex + 3.2)? + ek], 


(6) 


in which ¢, = W,/A, «= B/A, and W, is a solution of the secular equation. By 
transforming the matrix of g, (which is diagonal in the LS-scheme), we obtain the 
following expression for the g,-value of the state # in intermediate coupling?, 


(§ ek +1) (ex +32)? +2 e 
(ex + 8) (ex +32)? 4+ ef 


Ik k= 2 Fi fi ; (7) 


where g; is the g,;-value of the state / in LS-coupling. By use of this expression and 
the secular equation (5), the parameter a can be determined to give the correct 
g;-value of the ground state. The experimental value of bismuth, g, = 1.6433, corre- 
sponds to x = 0.300. 

The best fit of the theoretical energy levels to the experimental ones is obtained 
for x ~ 0.295 [11], in very good agreement with the value obtained from the g,-value. 
For the following we use the value x = 0.30 with an estimated uncertainty of about 
0.02. 

The wave function of the intermediate state is 


Ye = Ruy? Dsjg + Byg?P3jo + Rug 83/2; 


where ?D5/. etc. represent the wave functions of the corresponding states. For the 
following, however, it will be more convenient to have the wave function expressed 
in the jj-coupling scheme. The transformation from LS- to 7j-coupling can e.g. be 
performed by finding the diagonalizing matrix of the spin-orbit energy matrix in 
the LS-scheme. 

The possible states with J = 3/2 in jj-coupling are 


Y= ($8 3)a2, 
Wo = ($3 5)s/2; 
Ws = ($3 3)3/25 


1 Note the misprints in the formulas corresponding to (6) and (7) in ref. [10]. 
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and the intermediate wave function is 


Y= CY + Cops + Cytps. 
x = 0.30 gives the following c-values, 
c, = — 0.177, c, = 0.318, and ¢, = 0.932. 


Schiller and Schmidt [12] have given the equation 


3 cos? @—1 2] 2 2 
ms 3 py 5 li c3) R,+2 2 Cy (Cy + Cy) )s,| <ar!> el» (8) 


in which the subscript ,; indicates the non-relativistic value, and R; and S, are 
relativistic corrections, tabulated by Kopfermann [13]. 

The value of <r >,; can be obtained without knowledge of the explicit wave 
function, either from the nuclear magnetic dipole interaction or from the electron 
spin-orbit interaction in Bi2. Breit and Wills [14] have treated the hfs in intermediate 
coupling, and from their calculations we obtain the following expression for the 
magnetic dipole interaction constant (qa), 


Sith Se anal OR mela 1 ome 
Iu ee gr [ts ke (: pe) per +3 20, eG Ker yer’. 10) 


The relativistic corrections F’, F’”’, and G are tabulated by Kopfermann [13]. The 
effects of distortion of inner Blesiron shells (Sternheimer [15]) and of configuration 
interaction (Koster [16]) have not been considered here. With the experimental 
values of a and g; of Bi? (a = — 446.97 Me/s [8], uw; = 4.0797 n.m., and I = 9/2 [17]) 
and the c-values calculated above, this equation gives! 


4h 


Mo fea 


<r) 9, = 1.35 +1012 —— 


The “effective” nuclear charge Z;=77 [19] has been used in the relativistic correc- 
tions. 
From the spin-orbit coupling energy the following expression for <7~*>,; is ob- 
tained [12], 
P 4x Ah 
Saas, 
2 oH, Z; us 


in which A is the parameter of the spin-orbit coupling in frequency units and 
H, is a relativistic correction [13]. A =3.03-108 Me/s [11] and Z; =77 [19] gives 


4h 


Mo Hee 


<r—*\o1 = 1.68: 10 


The discrepancy between the two values of <7~*>,; is probably due mainly to the 
uncertainties in Z; and the state of intermediate coupling. An increase of the a-value 
of about 0.04 would give agreement between the two determinations. The quad- 


1 This equation gives positive sign of the dipole interaction constant in contradiction to 
optical measurements [18]. 
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rupole moments are, however, rather insensitive to small changes in the x-value. 
With the value of <r-*),; from the hfs (x = 0.30), equations (4) and (8) give 

Q 4m eh 

b ad Loe oe 

\ iy. x. JI 

in which @ is expressed in 10-24 cm? and 6 in Me/s. An error of 0.02 in the z-value 
causes a change in this ratio of only about one per cent. The Sternheimer correc- 
tion of this ratio has been calculated to be 1.019 for bismuth [15], without considera- 
tion of the antishielding effect. The latter has not been calculated but may pre- 
dominate over the shielding effect [15, 20]. Therefore, the uncorrected quadrupole 
moments are probably somewhat too large. 


Laa- iy. (10) 


V. Results 


The resonance frequencies of the two lines of Bi2, Bi2%, and Bi? at different 
magnetic fields are tabulated below, and the curves at the highest fields, which are 
most significant, are reproduced. Since the signal-to-background ratio is rather 
low and the intensity usually varies during a measurement (because of radioactive 
decay and changes in evaporation rate), the intensity has been normalized to a con- 
stant background. In the figures this background has been subtracted. The given 
uncertainty is the statistical one, not including the uncertainty in intensity, which, 
however, can be assumed to be comparatively small. 

The peak of the resonance curve can usually be determined with an accuracy of 
about one-tenth of the line-width. The peak need not necessarily coincide with the 
true resonance frequency. If, e.g., the rf-power is higher than the optimal one, the 
line may be shifted, probably due to the fact that the effective rf-field becomes 
longer. It has been found that this shift is larger for an unsymmetrical than for a 
symmetrical line. Regarding this, the uncertainty in the resonance frequency has 
been chosen to be as large as about one-fourth of the line-width if the curve is sym- 
metrical and if the statistics are good, and somewhat more in other cases. The con- 
sistency of the results shows that the probability for a larger error is very small. 

The magnetic field has been calibrated with K%°. The uncertainty in this case has 
been taken to be about one-tenth of the line-width, since the appropriate rf-power 
can easily be chosen. In some cases the field is also measured with the K*!-line, and 
the consistency shows that the field measurement is free from any appreciable syste- 
matic errors. The field has always been checked both before and after measuring a 
line and the uncertainty given also includes the drift. 

The tables below give the values of the quadratic term of the frequency (v’’) divided 
by (ug B/h)?. The calculations have been made by use of fourth-order perturbation 
theory and have been checked by diagonalizing the energy matrices. The discrepancy 
between the results of the two methods corresponds in all cases to an error less than 
1 ke/s in the resonance frequency. The g,-value 1.6433 +0.0002, given by Smith [8], 
has been used. 

1A small admixture of a configuration containing unpaired s-electrons could have a con- 
siderable effect on the result above [16]. To avoid this difficulty the value of (r-*),, can be taken 
from the spin-orbit coupling. In this case, however, the uncertainty in the degree of intermediate 
coupling has a larger effect. The result becomes @Q/b=(0.92+0.20)-10-%, which is not in dis- 


agreement with the value obtained by means of the magnetic hfs. Again, the Sternheimer cor- 
rection is omitted. 
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Fig. 4. Fig. 5. 


Figs. 4, 5. Resonance curves of Bi?, (F =6). 
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Fig. 6. Fig. 7. 


Figs. 6, 7. Resonance curves of Bi*®*, (#=5). 


The value of »’’/(u,B/h)? has been calculated with the assumption of positive 
and negative nuclear magnetic moments, respectively. If the right sign is chosen, 
the values at different fields should be consistent with each other, while in the 
opposite case they should increase or decrease monotonically with the field. As 
is seen from the tables, the resolution is good enough that the signs of the moments 
can be determined definitely. 
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Table 1. Bi2®, 


B\2 
Mp B ay tke: Wa 
Ref. v Ue 


Vret Remarks 


F=6 


17.766 + 6 31.946+10 | 13.244410 | 130+11 104411 Fig. 16, ref. [3] 
30.902+10 | 51.963415 | 21.657+5 121.7+3.0 105.7 + 3.0 

30.897+10 | 51.956+15 | 21.6555 122.04 3.0 106.0 + 3.0 

52.094+12 | 79.806+15 | 33.5389+6 122.1+1.4 TO Taa | ig 
89.286+10 | 120.081+10 | 51.058+12 | 122.741.0 115.8+1.0 | Fig. 5 


Weighted average: 122.4+0.8 


F=5 
17.786+5 | 31.979+8 | 8.096+8 | 22148 192 +8 
52.135+12 | 79.856415 | 21.019+4 | 210.4+1.0 | 198.6+1.0 | Fig. 6 
52.228+8 | 79.968+ ; 
aur veoneth Mette aye 21.058+5 | 211.741.0 | 199.9+1.0 | Fig. 7 


Weighted average: 211.110.8 


Av, =(3386+30) Mc/s; Av;=(2396+15) Mc/s 
a= —(502.4+ 3.0) Me/s; b= — (558425) Me/s 
M,= +(4.59+0.05) n.m.; Q= —(0.64+0.05) - 10-4 em? 


INTENSITY 


INTENSITY 


34.050 100 150 200 Mc/s 34.100 150 200 Mc/s 
FREQUENCY FREQUENCY 


Fig. 8. Fig. 9. 
Figs. 8, 9. Resonance curves of Bi?4, (# = 15/2). 


The uncertainty in »’’/(u,B/h)? is obtained from the uncertainty in the magnetic 
field and in the resonance frequency, added quadratically. The uncertainty in the 
g;-value has not been taken into account here. In the calculation of the average values, 
the inverse squares of the uncertainties have been taken as weight factors, and the 
uncertainty in the mean value is calculated in the usual way. 
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Fig. 10. Fig. 11. 
Figs. 10, 11. Resonance curves of Bi®®4, (# = 13/2). 
Table 2. Bi24, 
2 
B 
vt | (PB) x 108 
up B 
Ref. Veet ia v Remarks 
i 
Mr> 0 | bMr<0 
F=15/2 j 
16.580 +6 30.007 + 10 9.971 +12 130+15 110415 
26.793 + 8 45.969 + 12 15.370 47 129.2 + 3.8 115.9+3.8 | Fig. 1, ref. [1] 
69.611 +6 99.836 47 34.118+10 VEN Gen | 124.9+1.1 Fig. 8 
69.682+10 | 99.912+11 34.133 48 129.9+1.0 123.7£1.0 | Fig. 9 
Weighted average: 130.4+0.8 
P=13/2 
16.545 + 6 29.949 + 10 §.452 + 10 178+11 155411 
36.860 +5 60.277+ 7\ 
63 ee - B+2. A+2, 
x» | 4337348 | 6o27gtaf | 1-301410| 1748428 | 1634428 
36.845 + 12 eee 991 -+ 9+9 ST o+ 
xa | 43352415 | coosctief| 129148 | 173.2424 | 161.824 
69.628+8 99.854+9\ : 
Pt = Dis 5.94 9.041. : 
Kau 88.838 +10 99.856 + 8f 19.478+ 10 176.9+1.1 169.0 + 1.1 Fig. 10 
69.767 +10 | 100.0054 11 . 
= = + 9+ +1, ' 
Ka 89.026 +15 ee} 19.490 + 10 173.9: 1.1 167.0+ 1.1 Fig. 11 
Weighted average: 174.7+0.8 


A%15/2 = (2841 + 25) Me/s; 
a= — (349.0+2.0) Me/s; 
H,= + (4.25 + 0.05) n.m.; 


Avisj2 = (2216 +15) Me/s 
b= — (358+20) Me/s 
Q= — (0.41 + 0.05) - 10-24 em? 
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cpm 


INTENSITY 
INTENSITY 
s 


24.220 .240 -260 .280 300 -320 Mc/s 30.450 500 550 600 Mc/s 
FREQUENCY FREQUENCY 


Fig. 12. Fig. 13. 


INTENSITY 


INTENSITY 


41.150 .200 .250 .300 Mc/s 13.450 500 550 600 Mc/s 
FREQUENCY FREQUENCY 


Fig. 14. Fig. 15. 


Figs. 12, 13, 14. Resonance curves of Bi®*, (#’ = 15/2). 
Fig. 15. Resonance curve of Bi?, (# = 13/2). 


The hfs separations and the interaction constants have been calculated by means of 
equations (1) and (2), and in the calculation of the errors account has also been taken 
of the uncertainty in the g,-value. The errors due to the neglect of octupole interaction 
and of the perturbation of neighbouring states are very small and need not be con- 
sidered. 

The absolute signs of the interaction constants cannot be determined from these 
measurements, but only the relative signs. According to optical measurements [18], 
however, the a-value of Bi? is negative, and since the magnetic moment is positive, 
it follows from equation (3) that the magnetic moment and the a-value have opposite 
signs for all bismuth isotopes. 

The magnetic moments are calculated from equation (3) with the following values 
of Bit [$17]: 

I =9/2,a = — 446.97 Me/s, and uw; = + 4.0797 n.m. 
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Table 3. Bi2. 


B 2 
a [ey 


Vref h v Remarks 
Hr> 0 | Hy<0 

F=15/2 
22.834+ 10 39.972 +16 13.3284 15 127+10 110+10 
45.725 +25 71.915 +32 24.270+7 125.2+2.6 116.0 + 2.6 Fig. 12 
60.603 + 20 89.816 +23 30.538 + 12 127.4+1.9 120.141.9 | Fig. 13 
89.069 + 12 119.819+12 41.218+12 127.4+1.0 121.8+1.0 Fig. 14 

Weighted average: 127.2+0.9 

F=13/2 
22.836 +10 39.975 + 16 7.308 + 12 152.5+ 8.0 134.0 + 8.0 
45.695 +10 71.877£13 13.514 +12 153.54 2.5 143.342.5 | Fig. 15 
60.593 + 10 89.805 + 12 17.163 + 12 155.0+ 1.6 146.8+1.6 | Fig. 2, ref. [1] 


Weighted average: 154.6+1.4 


Avis/2 = (2914+ 25) Me/s; Avi3j2 = (2411 + 20) Me/s 
a= — (374.74 3.0) Me/s; b= — (166430) Me/s 
fw, = + (4.56+0.05) nm;  Q= —(0.19+0.05) : 10-4 em? 


The uncertainties given are large enough to include the hfs anomaly, which can 
be assumed to be small since only p-electrons are involved. 

The electric quadrupole moments are calculated from equation (10). The uncer- 
tainties are determined with consideration of the uncertainty in the state of inter- 
mediate coupling but not of the errors caused by the neglect of Sternheimer’s 
correction or of the effect of configuration interaction. 

When not otherwise stated, all quantities in the tables are given in units of Mc/s 
and the uncertainties in units of the last figure. 

The results of Bi2°? are summarized in table 1, those of Bi? in table 2, and those 
of Bi?* in table 3. The resonance curves at the highest fields are given in figures 
4-7 for Bi®’, in figures 8-11 for Bi?*, and in figures 12-15 for Bi?°®. 

The 14.5 day isotope Bi? is very difficult to produce in quantities large enough 
for atomic beam experiments. Bi? is always produced at the same time in much 
larger amounts. In order to obtain enough relative activity of Bi? one must wait 
several weeks for the shorter-lived Bi2°* to decay. Only one measurement with Bi? 
was made with a sample produced by a long irradiation in the cyclotron of the Nobel 
Institute in Stockholm. This sample was used primarily for spin determinations of 
Bi? and Bi2*, Unfortunately after this measurement this cyclotron was ‘“‘shut down” 
for modification, and no further irradiations could be made. Only the F = 6 line 
has been observed at fields high enough to give measurable quadratic effects. The 

hfs separation Ay, can be estimated only very roughly, but it is of the order of 4000 
Me/s, which means that the magnetic moment is about 5.5 n.m. 
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VI. Discussion 


In the nuclear periodic table the bismuth isotopes lie near closed shells for protons 
as well as neutrons. The nuclei have one proton outside the 82-proton shell and on 
the neutron-deficient side a small number of neutron holes in the 126-neutron shell. 
Therefore, the nuclear shell model can be assumed to be a good approximation for 
these nuclei. 

The spin values of the isotopes investigated here are in good agreement with the 
shell model. The odd-even nuclei of Bi? and Bi® have the spin 9/2 like that of 
Bi2, This is consistent with the fact that the odd proton is in the level hg). and that 
an even number of neutrons have the resultant angular momentum zero. The odd-odd 
nucleus of Bi2°6 has been investigated theoretically by Wahlborn [21], who obtained 
the following ground-state configuration, 


(hg/2) (V Py)? (Yfsy2) > 


and the spin value 6, in agreement with the experiments. Bi? is very likely to have 
an analogous configuration, since the spin value is the same. 

It is well-known that the magnetic moment of Bi? is considerably larger than the 
Schmidt value, in spite of the fact that there is only one particle outside the closed 
proton and neutron shells. This is probably caused by configurational mixing [22]. 
Therefore, one cannot expect the extreme single-particle model to give correct values 
of the magnetic moments of other bismuth isotopes. But with the modified single- 
particle model, in which the empirical g-values of the odd particles are used, the 
agreement with experiments is shown to be good. This supports the configuration 
assignment of the odd-odd isotopes given by Wahlborn. The odd proton moment is 
taken from Bi29, and the Schmidt value is used for the odd neutron moment, since 
there is no experimental value of the neutron moment in the f,;). level. Then the 
values given in the following table are obtained (yw, is the moment calculated with 
the Schmidt values and jw. with the empirical value of the odd proton moment). 


Table 4. 
Experi- Calculated moments 

Nucleus Configuration mental 

moment by Ke 

Bi208 (sthgj2) (V foj2)~4 + 4.59 + 2.62 + 4.08 
Biz04 (Xhgj2) (¥ fo/2)-8 + 4.25 +3.43 + 4.77 
Bi205 (2 hgj2) (¥ foj2)-? (45.5) + 2.62 + 4.08 
Biz (athoy2) (v fsj2)- + 4.56 + 3.43 4.4.77 


The single-particle model gives the correct order of magnitude of the electric 
quadrupole moments only in the vicinity of closed shells. In intermediate regions 
the deviation can be very large because of collective effects. 

For the odd-even bismuth nuclei the single-particle model gives [22] 


Qr —0.25:10-*4 cm? 
and for the odd-odd nuclei [22] 
Qwy —0.19- 10-4 cm?. 
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Fig. 16. The ratio of the experimental quadrupole 
moments to the single-particle values versus the 
number of neutron holes. 


3 4 5 6 7 
NUMBER OF NEUTRON HOLES 


The experimental quadrupole moments are (in units of 10-24 em2): 


odd-even odd-odd 
Bi209 — 0.35 [8] 
Bi26 —0.19 


Bites — 0.41 
ieeya08 — 0.64 


In figure 16 the experimental values divided by the single-particle values are plotted 
against the number of neutron holes. As is to be expected, the quadrupole moments 
are rapidly increasing with increasing number of neutron holes and are in fair 
agreement with the single-particle values only very near the closed shells. The devia- 
tions can be explained by a small admixture of vibrational states in the ground state 
of the nuclei. 
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